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Abstract

A 43 cm long E271 sediment core collected near the East Pacific Rise (EPR) at 13°N were studied to investigate the
origin of smectite for understanding better the geochemical behavior of hydrothermal material after deposition.
E271 sediments are typical metalliferous sediments. After removal of organic matter, carbonate, biogenic opal,
and Fe-Mn oxide by a series of chemical procedures, clay minerals (<2 μm) were investigated by X-ray diffraction,
chemical analysis and Si isotope analysis. Due to the influence of seafloor hydrothermal activity and close to
continent, the sources of clay minerals are complex. Illite, chlorite and kaolinite are suggested to be transported
from either North or Central America by rivers or winds, but smectite is authigenic. It is enriched in iron, and its
contents  are  highest  in  clay  minerals.  Data  show  that  smectite  is  most  likely  formed  by  the  reaction  of
hydrothermal Fe-oxyhydroxide with silica and seawater in metalliferous sediments. The Si that participates in this
reaction may be derived from siliceous microfossils (diatoms or radiolarians), hydrothermal fluids, or detrital
mineral phases. And their δ30Si values are higher than those of authigenic smectites, which implies that a Si
isotope fractionation occurs during the formation because of the selective absorption of light Si isotopes onto Fe-
oxyhydroxides. Sm/Fe mass ratios (a proxy for overall REE/Fe ratio) in E271 clay minerals are lower than those in
metalliferous sediments, as well as distal hydrothermal plume particles and terrigenous clay minerals. This result
suggests that some REE are lost during the smectite formation, perhaps because their large ionic radii of REE
scavenged by Fe-oxyhydroxides preclude substitution in either tetrahedral or octahedral lattice sites of this
mineral structure, which decreases the value of metalliferous sediments as a potential resource for REE.
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1  Introduction
Hydrothermal metalliferous sediments are thought to be

formed by either the hydrothermal non-buoyant plume fallout of
Fe- and Mn-oxyhydroxide precipitates, or mass-wasting and
erosion of primary submarine massive sulfides, and the hydro-
thermal buoyant plume fallout of Fe- and Mn-oxyhydroxides and
sulfides (Dekov et al., 2010 and references therein). In addition,
the plume-derived metalliferous component of these sediments
is diluted by the background sedimentation of detrital and bio-
genic material (Mills and Elderfield, 1995). The formation mech-
anism of authigenic smectite and its material source in metalli-
ferous sediments reflects the interactions between hydrothermal
material and non-hydrothermal mineral phases. These are im-
portant research topics as authigenic smectite is common in a
number of hydrothermal fields, including Atlantis II Deep in the

Red Sea (Bischoff, 1972; Cole, 1988), the Grimsey and Kolbeinsey
hydrothermal fields off the north coast of Iceland (Lackschewitz
et al., 2006), the Iheya North Knoll in the Okinawa Trough (Miy-
oshi et al., 2015; Shao et al., 2015), in the Southeast Pacific (Heath
and Dymond, 1977; Dymond and Eklund, 1978), in the Galapa-
gos hydrothermal mound field of the Galapagos Spreading Cen-
ter (Rateev et al., 1980; Barrett et al., 1983; Honnorez et al., 1983),
along the Juan de Fuca Ridge (JdFR) (Percival and Ames, 1993;
Zierenberg and Shanks III, 1994), and on the East Pacific Rise
(EPR) near 21°N (Alt et al., 1987; Alt, 1988). Although the authi-
genic smectite at these sites has different origins, these minerals
are thought to be related to seafloor hydrothermal activity.

The EPR at 13°N is an area of intense seafloor hydrothermal
activity and volcanism (Hekinian et al., 1983a, b ; Hekinian and
Fouquet, 1985). As a result, a field of metalliferous sediments oc-  
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curs as a series of dispersion holes of underwater hydrothermal
mineral forming systems on both sides of the EPR 9°–14°N axis,
characterized by high-temperature activity and massive sulfide
deposits (Gurvich, 2006). Researchers have investigated the litho-
logy and geochemistry of recent metalliferous sediments in this
area (Davydov et al., 2002; Xue, 2003; Yuan et al., 2007; Yu, 2010);
in particular, Gurvich (2006) found that smectite and clay miner-
als are the main constituents of metalliferous sediments near the
East Pacific Rise (EPR) at 13°N. However, the origin of smectite
and clay minerals in this area remains unclear.

This study reports new data on metalliferous sediments and
clay minerals collected near the EPR at 13°N. The analysis en-
compasses major and trace elements and X-ray diffraction (XRD)
and scanning electron microscope (SEM) and Si isotopes to dis-
cuss the origin of clay minerals and the formation mechanisms of
smectite as well as the Si source, isotope fractionation, and rare

earth element (REE) behavior during this process. The aim of this
study was to develop a better understanding of the geochemical
behavior of inputs from hydrothermal fluids subsequent to de-
position as well as any possible link to smectite formation.

2  Geologic setting
The EPR at 13°N is a fast-spreading section of the global mid-

ocean ridge system located between the Orozco (15°N) and Clip-
perton fracture zones (10°N). It is extremely linear in plan view
(Fig. 1a); its full spreading rate at this latitude is approximately
100–110 mm/a (Klitgord and Mammerickx, 1982; Choukroune et
al., 1984).

The EPR in this region is formed of a continuous, but asym-
metric, axial topographic high that is about 8 km wide and 250 m
high (Francheteau and Ballard 1983). This asymmetric axial ridge
measures about 5 km from its center to the east and about 3 km
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Fig. 1.   Tectonic map of the study area discussed in this paper (a) and a three-dimensional (3-D) map of the E271 sample location
near the EPR at 13°N (b).
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to the west (Choukroune et al., 1984); the western side has a
series of small horsts and grabens that run parallel its axis, while
earlier tectonic features are obliterated on the eastern flank by
two seamounts (Hekinian et al., 1983a). The crest of the ridge has
a strike of 345° north while its axial zone is about 1 500 m wide
(Hekinian et al., 1983b); the summit of this ridge contains an axi-
al graben that averages 200–600 m in width and 20–50 m in depth
(Ballard et al., 1984; Hekinian and Fouquet, 1985; Fouquet et al.,
1988), while water depth at the graben floor varies ca. 2 700–2 500 m
(Hekinian et al., 1983b). This axial graben is mostly composed of
basalt and is covered with a small amount of sediment (Ballard et
al., 1984), while most measured hydrothermal activity is concen-
trated along a 20 km stretch that parallels the strike of the central
graben (Lalou et al., 1985). Two small and overlapping spreading
centers are also present along the ridge segment where the axis
exhibits two en echelon spreading segments, at 12°37’N and at
12°54’N (Crane, 1987; Antrim et al., 1988; Charlou et al., 1991).

A field of metalliferous sediments encompassing an area of
~200×103 km2 was discovered in the EPR 9°–14°N. This field of
metalliferous sediments is asymmetric, with an eastern bound-
ary that is 300 km and a western boundary that is 200 km from
the EPR axis, respectively (Gurvich, 2006).

3  Material and analytical methods
The sediment core E271 (12°39’52”N, 104°08’12”W) analyzed

in this paper was collected near the EPR at 13°N using a box corer
during the DY105–14 cruise (on board the R/V Dayang Yihao in
November, 2003), from a water depth of 3 085 m, about 25 km
to the west of the rise axis (Fig. 1).

The core E271 is 43 cm long and comprises three obviously
different colored layers, deep reddish brown from the top to a
depth of 7 cm, changing gradually from brown to yellowish-green
between 7 and 22 cm, and becoming greyish-green from 22 cm
depth to the bottom. In order to extract enough clay minerals for
analysis, the sediment core was separated into 15 samples on the
basis of these different colors. All samples are placed in deion-
ized Milli-Q (18.2 MΩ) water and desalinated by surging with ul-
trasonic waves.

Major elements of the bulk sediment were analyzed using an
inductively coupled-atomic emission spectrometry (ICP-AES) at
the Qingdao Institute of Marine Geology; while trace elements
were analyzed using inductively coupled plasma-mass spectro-
metry (ICP-MS) (ELAN DRC II) at the Institute of Oceanology,
Chinese Academy of Sciences (IOCAS). Total dissolution of the
samples was performed by HNO3–HF/HClO4 high pressure de-
composition in a Teflon vial (Wang et al., 2014). The dissolved
samples were subjected to ICP-MS with relative standard devi-
ation (RSD) set to less than 3%. They were then immediately ana-
lyzed for Ti, Al, Fe and Mn using ICP-AES with RSD set to less
than 2%. The precision of ICP-MS and ICP-AES analyses was
checked via comparisons with national marine sediment level
standard substances GBW07315 and GBW07316 as well as the
United States Geological Survey basalt standards BCR-2 and
BHVO-2.

In order to get the clay minerals in each sediment samples, a
series of chemical procedures were carried out. Organic matter,
carbonate, biogenic opal, amorphous and poorly crystalized Fe-
Mn oxides were carefully removed using washes of 10% H2O2 at
60°C for 1 h (Huang et al., 2016), 10% acetic acid (HOAc) at 60°C
for 1 h, 1 mol/L NaOH at 80°C for 1.5 h (Wan et al., 2007, 2010),
1 mol/L NH2OH·HCl in 25% (v/v) HOAc at 80°C for 1.5 h (Chester
and Hughes, 1967; Dunk and Mills, 2006; Yu et al., 2012), respect-

ively. The solid sample for each procedure was then centrifuged
twice with deionized Milli-Q water with the exception of the last
one, which was centrifuged three times. Subsequent mineralo-
gical and geochemical studies were carried out on clay minerals
(<2 μm), separated using the conventional Stokes’ settling velo-
city principle.

Clay minerals were identified via XRD using a D8 ADVANCE
diffractometer with CuKα radiation (40 kV and 40 mA) at the
IOCAS. The determinations were carried out four times: (1) on
air-dry samples (3°–30° 2θ, at 0.02° steps), (2) on glycolated
samples (3°–30° 2θ, at 0.02° steps), and (3) on glycolated samples
(24°–26° 2θ, at 0.01° steps), (4) on randomly oriented powders of
samples (3°–60° 2θ, at 0.02° steps). Glycolated clay was pre-
treated with an ethylene-glycol solution at 60°C for 12 h. Relative
percentages of the four main clay mineral groups, smectite (in-
cluding mixed-layers) (15–17 Å), illite (10Å), and kaolinite/chlorite
(7 Å) were estimated by weighting the peak areas of the basal re-
flection of glycolated samples using the software Topas 2P and
the empirical factors outlined by Biscaye (1965).

Major elements of clay minerals were analyzed using X-ray
fluorescence (XRF) spectrometry (ARL9800XP+) at the Center of
Modern Analysis, Nanjing University, while loss on ignition (LOI)
was measured after 10 h of calcination at 960°C. Next, 0.6 g of
each sample was mixed with dilithium tetraborate (Li2B4O7:
LiBO2 = 67:33) flux (flux:sample=11:1) in a Pt-Au crucible, fused
with LiBr (40 mg/mL, 0.6 ml) in a muffle oven to generate a fu-
sion sample disc, and then measured with a XRF. Contents of
major elements were analyzed by comparison with standard
samples and control experiments; analytical uncertainties were
0.5% for SiO2 and 0.2% for Al2O3, while the relative error for CaO,
K2O, Fe2O3, and TiO2 were less than 5% and less than 10% for
MgO, Na2O, P2O5, and MnO. Total iron is expressed as Fe2O3, and
trace elements of clay minerals were analyzed using ICP-MS at
the IOCAS, following the same analytical method as that de-
scribed above for the bulk sediments.

Analysis of Si isotopes in clay minerals was carried out using
the SiF4 method for δ30Si (Liu et al., 2013) in the Analytical Labor-
atory of Beijing Research Institute of Uranium Geology. All res-
ults were recorded as δ30Si values against NBS-28, as follows:
δ30SiNBS-28= [(30Si/28Si)Sample/(30Si/28Si)NBS-28–1]×103. The analytic
precision of this approach was better than ± 0.1‰, determined
via repeated fluorination and by comparison with two Chinese
national reference materials for Si isotopes, GBW04421 and
GBW04422.

An aliquot from each sample was treated to remove carbon-
ate using 2% acetic acid (Cuadros et al., 2011). Au-coated frag-
ments of bulk and carbonate-free sediments were used for SEM
observations at the IOCAS. The SEM system we used combined a
TESCAN VEGA 3 LMH SEM with an Oxford INCA X-Max energy
dispersive spectrometer (EDS). Loose sediments were fixed onto
SEM stubs with double glue, and were imaged using back-
scattered electrons. Standard analytical operating conditions in-
cluded an accelerating voltage of 20 kV, a beam intensity of 15,
and a working distance of ~15 mm.

4  Results

4.1  Sediment minerals
Previous studies on the core E271 have demonstrated that it

was composed of amorphous or poorly crystalline Fe-Mn oxides,
clay minerals, quartz, and feldspar, as well as a trace amount of
barite, and some biogenic detritus, such as coccolith, fo-
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raminifera, diatom (Yu, 2010; Wu, 2012), which is consistent with
the investigation of the sediments in this area (Gurvich, 2006;
Xue, 2003).

SEM studies of sediment samples from the E271 core reveal
that the most abundant biogenic components are calcareous and
siliceous debris (Fig. 2). Of these components, calcareous micro-
fossils are common, comprising mainly coccoliths followed by fo-
raminifera, both in variable stages of preservation. The siliceous
biogenic debris content of samples is lower, comprised of diat-
oms, radiolarians, and silicoflagellates. Of these, the diatom con-
tent is highest while siliceous microfossils exhibit varying de-
grees of dissolution. We also observed little evidence for the pres-
ence of volcanic debris in sediments; when present, this debris
shows no evidence for surface dissolution or alteration.

4.2  Sediment geochemistry
All sediment samples from the Core E271 are characterized

by high Fe and Mn contents, 9.15–13.56 wt% and 1.60–3.31 wt%,
respectively, as well as low Ti and Al contents, 0.20–0.26 wt% and
3.91–5.02 wt%, respectively. They exhibit typical characteristics of
metalliferous sediments (Boström, 1973; Lisitzin et al., 1976), in-
cluding Al/(Al+Fe+Mn)<0.3, Fe/(Al+Fe+Mn)>0.5, and (Fe+
Mn)/Al>2.5. All sediment samples are plotted in the hydrotherm-
al field in the Mn–Fe–(Co+Ni+Cu)×10 ternary diagram (Fig. 3).

Meanwhile the shale-normalized (Haskin and Haskin, 1966;
Piper, 1974) REE distribution patterns of these elements exhibit
obviously negative Ce anomaly (Ce / Ce* = 0.35–0.44), no Eu an-
omaly (Eu / Eu* = 1.04–1.13), and enrichment of heavy REE
(HREE) relative to light REE (LREE) (Fig. 4). These characterist-
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Fig. 2.   SEM images of sediments and EDS spectra of selected area. a. Coccoliths and some fine-grained materials; b. a well-preserved
diatom; c and d. siliceous microfossils showing strong dissolution; e. vesicular glass grain with blocky shape; f. EDS spectra of an
selected area of Au-coated sample in the (e) and the spot analyzed is marked with a cross (f).
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ics are similar to those of pacific deep seawater, as well as metal-
liferous sediments from the Southeast Pacific (Fig. 4) and from
the east of the EPR near 13°N (Xue, 2003). All suggest that the
E271 sediments are metalliferous sediments.

The REE contents of sediments range 117×10–6–202×10–6

(Table 1), a little lower than those of sediments from the east of
the EPR near 13°N (128×10–6–288×10–6; Xue, 2003), that may be
because of the slight lower hydrothermal Fe in this study
(8.16–17.27 wt%, Xue, 2003), which scavenges REE from seawater
(German et al., 1990).

4.3  Clay minerals
XRD determinations of all 15 clay mineral samples reveal that

there are no differences in kinds of minerals of these samples, ex-
cept only slight differences in mineral composition between
samples from deferent depths. The contents of smectite are high-
er than those of other clay minerals, ranging 52.5%–75.8% (aver-
age: 68.2%; Figs 5 and 6). These proportions increase slowly in
concert with depth from the top of the profile to a depth of 22 cm
before varying a little from this depth to the base of the core. The
contents of illite vary from 16.7% to 32.3% (average: 23.4%), while
the trend in the contents of illite versus depth is opposite to that
of smectite from the top of the core to a 22 cm depth, decreasing
as depth increases. In addition, the contents of kaolinite are low,
ranging 4.6%–17.4%, while the contents of chlorite are the lowest,
usually less than 3.0%, with the exception of the top of the core.
Results show that S/I (smectite/illite) ratios encompass a large
range of variation, 1.64–4.53 (average: 3.07). Some quartz and
feldspar are also present in clay minerals, but less than 3% and
5%, respectively.

4.4  Clay geochemistry
The results of this study (Table 2) show that clay minerals in

sediments from the E271 core have particularly high Fe2O3 con-
tents, ranging 20.31wt%–30.41wt% (average: 25.11wt%), which
suggests the smectite is enriched in Fe. Although the contents of
Al2O3 are also high, ranging 6.04wt%–12.90wt%, these clay miner-
als  have lower TiO 2 ,  MnO, and MgO contents,  ranging
0.32wt%–0.64wt%, 0.10wt%–0.60wt% and 2.20wt%–2.82 wt%, re-
spectively.

Our results show that the total REE and Y contents of E271

clay minerals are low, 19.04×10–6–110.67×10–6, much less than
the values seen in terrigenous clay minerals in sediments from
the Chinese ferromanganese nodule survey area, between the
Clarion and Clipperton fractures (CC zone) of the eastern Pacific
(200×10–6–350×10–6; Liu et al., 2005). The shale-normalized REE
distribution patterns of clay minerals are moderately fraction-
ated with HREE enrichment relative to LREE. These minerals also
exhibit negative Ce anomaly (Fig. 4) and their Ce/Ce* values
range in 0.51–0.82.

δ30Si values for E271 clay minerals vary greatly between
–1.1‰ and –0.4‰, within the range of weathering-related clay
minerals (–2.3–+0.1‰; Douthitt, 1982; De La Rocha et al., 2000;
Ziegler et al., 2005), a little negative compared with the average
δ30Si value of igneous materials (–0.3±0.3‰; Douthitt, 1982; Ding
et al., 1996).

5  Discussions

5.1  Clay minerals sources
The study area is located close to the Mexican south coast,

about 650 km from the city of Acapulco. As previous researchers
have suggested that the detrital clay mineral assemblage seen in
North Pacific marine sediments is characterized by abundant il-
lite and chlorite derived from aeolian dust (Kadko, 1985; Cham-
ley, 1989), it is likely that some of the clay minerals in core E271
may be derived from Mexico or Central America. Indeed, invest-
igations of aeolian dust collected off the southwest coast of
southern Mexico and Guatemala, in samples L66K4 and L66K5,
respectively, demonstrate the predominance of illite, kaolinite,
and chlorite in clay minerals, with just a small smectite compon-
ent (<1%; Leinen et al., 1994; Fig. 7). Thus, most of the illite, kaol-
inite, and chlorite in the core E271 sediments likely originates
from Mexico or Central America transported by winds (Hovan,
1995). Clay mineral composition of the L66K4 and L66K5 aeolian
dust is similar to sediments from the southern Mexican margin
(Fig. 7), which also suggests that a component of the clay miner-
als studied, with the exception of smectite, may be derived from
Mexican rivers (McMillen et al., 1982).

The smectite/illite (S/I) ratio of clay minerals can reflect the
relative contributions of the authigenic and terrigenous clay min-
erals (Liu et al., 2005 and references therein); a higher ratio indic-
ates increased authigenic smectite content. The mean S/I ratio in
South Pacific sediments is 2.04 (Chamley, 1989), higher than that
in North Pacific sediments (0.85; Chamley, 1989); although the
study area discussed here is located in the North Pacific, the S/I
ratios (1.64–4.53; n=15) in E271 sediments are even higher than
that in the South Pacific sediments with the exception of the top
two samples. This also implies that abundant authigenic smectite
is present in E271 metalliferous sediments.

5.2  Smectite formation mechanism
In addition to a detrital source, the bulk of smectite is authi-

genic in ocean sediments. Four general mechanisms have been
proposed for the formation of authigenic smectite in the deep
ocean.

Firstly, authigenic smectites can be formed via the alteration
of volcanic rock fragments and glass in the marine environment
(Hein and Scholl, 1978; Cole and Shaw, 1983). Indeed, smectite
minerals are widespread in basal marine deposits, deep-sea ash
beds,  and groundmass veins (Banks,  1972;  Melson and
Thompson, 1973; Scheidegger and Stakes, 1977; Hein and Scholl,
1978; Seyfried et al., 1978; Lackschewitz et al., 2006). In addition,
in places where a high content of volcanic authigenic smectite
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Fig.  3.     Mn-Fe-(Co+Ni+Cu)×10 ternary diagram of Core E271
(after Bonatti et al., 1972). The open circles are E271 sediment
samples.
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Fig. 4.   Plots of shale-normalized REE (Haskin and Haskin, 1966; Piper, 1974) distribution patterns. a. E271 sediments; b. E271 clay
minerals; c. hydrothermal fluids from the EPR at 13°N (the upper two samples, Douville et al., 1999) and deep (3 000 m) seawater from
the eastern Pacific (the lower sample, De Baar et al., 1985); d. metalliferous sediments from the Southeast Pacific (Dekov et al., 2010);
e.  terrigenous  clay  minerals  from  the  Chinese  ferromanganese  nodule  survey  area,  eastern  Pacific  (Liu  et  al.,  2005);  f.  distal
hydrothermal plume particles (<0.3–1 km from the vent site) collected from the EPR at 9°45’N (Sherrell et al., 1999); g. basalts from
near EPR 13°N (Zhang et al., 2008); h. clay minerals formed by the alteration of basalt from the Kolbeinsey hydrothermal field off the
north coast of Iceland (Lackschewitz et al., 2006) as well as from Hole 504B, Leg 70, Costa Rica Rift (Sharaskin et al., 1983); i. clay
minerals formed by the hydrothermal alteration of sediments from the Bent Hill massive sulfide and active venting area on the Juan de
Fuca Ridge (Lackschewitz et al.,  2000);  j.  clay minerals precipitated within active chimneys from the PO 246A-1 core, Grimsey
hydrothermal field, north coast of Iceland (Lackschewitz et al., 2006).
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has been formed in marine sediments, zeolites (phyllipsite and
clinoptilolite) and/or calcitic plagioclase, pyroxenes and volcan-
ic glass are all found associated with authigenic smectite (Griffin
et al., 1968). The combined formation reaction for this process is
as follows:

Basalt + K+ + Na+ + SiO2 + H2O + H+ → phillipsite + smectite +
Ca2+ + Fe2O3 (Piper and Heath, 1989)

Although clay minerals that are derived from the alteration of
volcanic debris, including the <10 μm fraction in sediments from
the EPR at 9°N near the Siqueiros fracture zone (Rateev et al.,
1980), have similar clay mineral contents to E271 samples in the
Al2O3-Fe2O3-MgO plot (Fig. 8), additional evidence suggests that
these clay minerals are not products of volcanic alteration.

Volcanism is active in both axial and off-axial areas along the
EPR at 13°N (Hekinian and Fouquet, 1985), but only traces of vol-
canic debris are found in E271 metalliferous sediments. Indeed,
SEM investigation of sediments shows that there is no textural
evidence for the presence of authigenic smectite on volcanic
debris, with only slight or no erosion to surfaces. In addition, pre-
vious studies (Wu, 2012) and XRD of clay minerals highlights the
absence of zeolites; these findings imply that the smectite in E271
metalliferous sediments may be not derived from the alteration

of volcanic debris.
In the axial area hydrothermal fields of the EPR at 13°N,

smectite can be formed beneath the seafloor by the alteration of
basalt and hydrothermal fluids; in this process, smectite particles
detach from the basalts and travel within the hydrothermal
plume to be deposited later in metalliferous sediments. But
Cuadros et al. (2011) considered that, in such a setting, these dif-
fuse hydrothermal fluids may be unable to detach and carry clay
particles away.

The REE distribution patterns of clay minerals formed by the
alteration of basaltic rocks are generally similar to those of host
basalts (Sharaskin et al., 1983). Indeed, shale-normalized REE
distribution patterns of basalts from near EPR 13°N are charac-
terized by much more enrichment with HREE compared to E271
clay minerals and terrigenous clay minerals from eastern Pacific
(Fig. 4) and have no Ce anomaly. These characteristics are also
seen in clay minerals formed by the alteration of basalt and glass
(Sharaskin et al., 1983; Lackschewitz et al., 2006; Fig. 4); these ex-
amples are very different from E271 clay minerals, suggesting
that authigenic smectites in E271 sediments are not formed by al-
teration of basalt fragments and glass.

Secondly, authigenic smectites can be formed by hydro-

Table 1.   Major elements (in wt%) and trace elements (10–6) of E271 core sediment samples from near EPR at 13°N
Sample
No.

1 2 3 3a 4 5 6 7 8 9 10 11 12 13 13a 14 15

Cored
Interval
Below Sea
Floor/cm

0-2 2-4 4-7 4-7 7-10 10-13 13-16 16-19 19-22 22-25 25-28 28-31 31-34 34-37 34-37 37-40 41-43

wt%

Ti 0.26 0.26 0.26 0.25 0.25 0.23 0.23 0.23 0.23 0.23 0.23 0.22 0.21 0.22 0.20 0.20 0.20

Al 5.02 4.95 4.84 4.78 4.75 4.84 4.46 4.46 4.49 4.44 4.36 4.33 4.12 4.11 4.03 3.91 3.95

Fe 12.74 12.65 12.76 12.8 12.60 12.63 13.56 13.55 13.22 12.46 12.15 10.93 10.76 9.12 9.18 9.51 10.18

Mn 3.26 3.28 3.30 3.32 2.84 2.88 3.11 3.02 2.86 2.50 2.33 2.00 1.99 1.68 1.52 1.77 2.00

Ca 2.68 2.76 2.88 2.96 3.16 3.08 3.48 3.52 4.60 6.12 8.32 10.16 8.12 7.41 7.47 5.12 3.20

Al/(Al+Fe+
Mn)

0.24 0.24 0.23 0.23 0.24 0.24 0.21 0.21 0.22 0.23 0.23 0.25 0.24 0.28 0.27 0.26 0.24

10–6

Co 40.8 39.0 28.5 27.7 25.3 22.5 21.3 19.9 20.9 18.2 26.5 30.7 25.3 22.8 21.0 24.5 22.6

Ni 199 165 152 142 142 132 124 124 135 109 125 125 107 103 91 105 110

Cu 454 460 306 292 152 183 153 221 210 358 213 167 151 144 126 132 130

La 51.5 44.9 40.6 41.8 38.6 37.5 35.6 33.9 28.5 36.5 41.7 41.4 33.8 35.6 36.4 34.6

Ce 36.4 29.5 26.5 27.3 26.6 26.2 25.6 25.1 22.7 29.1 32.8 32.5 30.2 27.9 29.7 29.6 27.8

Pr 10.9 9.55 8.75 8.77 8.28 8.18 7.69 7.29 6.32 8.22 9.24 9.15 8.17 7.65 7.53 8.05 7.59

Nd 47.2 41.3 38.6 37.2 35.6 35.6 33.3 31.7 27.0 35.4 39.9 39.3 34.8 33.1 31.3 34.4 32.4

Sm 9.93 9.03 8.32 8.12 7.82 7.62 7.14 6.73 5.82 7.55 8.51 8.64 7.59 7.15 7.03 7.41 6.97

Eu 2.67 2.37 2.31 2.15 2.14 2.13 1.91 1.77 1.54 1.96 2.25 2.27 2.06 1.96 1.80 1.95 1.83

Gd 11.5 10.1 9.44 9.34 8.77 8.38 8.00 7.65 6.49 8.46 9.48 9.56 8.60 7.96 7.78 8.33 7.82

Tb 1.88 1.72 1.64 1.58 1.47 1.43 1.36 1.30 1.15 1.39 1.56 1.57 1.37 1.30 1.20 1.35 1.27

Dy 11.0 10.1 9.34 9.4 8.69 8.47 8.10 7.57 6.41 8.14 9.11 9.18 8.09 7.51 7.33 8.00 7.52

Ho 2.58 2.42 2.21 2.27 2.11 2.05 1.90 1.78 1.49 1.93 2.15 2.15 1.93 1.69 1.81 1.87 1.79

Er 7.06 6.65 6.19 6.01 5.72 5.56 5.23 4.94 4.11 5.29 5.78 5.89 5.25 4.95 4.79 5.10 4.94

Tm 1.16 1.09 0.992 1.024 0.958 0.919 0.870 0.808 0.662 0.844 0.931 0.954 0.830 0.772 0.796 0.838 0.776

Yb 7.08 6.55 6.29 6.07 5.80 5.65 5.30 4.88 4.06 5.19 5.77 5.77 5.18 4.96 4.78 5.12 4.82

Lu 1.11 1.02 1.01 0.89 0.899 0.864 0.832 0.783 0.630 0.798 0.906 0.904 0.805 0.763 0.745 0.787 0.748

Y 72.6 68.9 66.1 64.7 61.3 59.8 57.2 53.4 45.1 58.1 64.6 65.4 57.3 54.9 52.1 57.1 53.0

ΣREE 202.0 176.3 162.2 161.9 153.6 150.5 142.9 136.2 116.9 150.8 170.0 169.2 152.3 141.5 142.2 149.2 140.8

Ce/Ce* 0.36 0.33 0.34 0.35 0.35 0.35 0.36 0.37 0.40 0.40 0.39 0.39 0.41 0.43 0.29 0.41 0.40

Eu/Eu* 0.76 0.76 1.11 1.05 0.79 0.81 0.77 0.75 0.76 0.75 0.76 0.76 0.78 1.10 1.00 0.75 0.75

          Note: Ce/Ce* = 2CeN/(LaN+PrN); Eu/Eu* = 2EuN/(SmN+GdN); subscript N means normalization by the value of North American Shale
Composite (NASC) (Haskin and Haskin, 1966; Piper, 1974); subscript a indicates the analysis result of a parallel sample.
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thermal alteration of sediments. Within hydrothermal fields, high
fluxes of hot fluids invade overlying clastic sediments and cause
metasomatic reactions, such as smectite, chlorite, and talc altera-
tion (Zierenberg and Shanks, 1994). Commonly encountered al-
teration products include chlorite, mixed-layer chlorite/smectite,
Mg-smectite, Mg-Fe smectite, and talc (Buatier et al., 1994; Zier-
enberg and Shanks, 1994; Lackschewitz et al., 2000). These
products are characteristic to the sediment-covered hydrotherm-
al fields, including the Middle Valley of the JdFR (Lackschewitz et
al., 2000; Dekov et al., 2008), the Escanaba Trough of the Gorda
Ridge (Zierenberg and Shanks III, 1994; Dekov et al., 2008), the
east flank of the JdFR revealed by Ocean Drilling Program (ODP)
Leg 168 (Buatier et al., 2001; Buatier et al., 2002), the Kick’em
Jenny Hydrothermal field off the northern coast of Grenada in the
Lesser Antilles subduction zone (Carey et al., 2016), and the
Ashadze-1 hydrothermal field in the Mid-Atlantic Ridge 13°N
(Gablina et al., 2014). These altered clay minerals are often rich
in MgO (3.94wt%–30.10wt%, Buatier et al., 1994; 3.79wt%–
9.01wt%, Zierenberg and Shanks, 1994; 11.45wt%–30.96wt%,
Lackschewitz et al., 2000; and 23.79wt%, Dekov et al., 2008), but
MgO contents in the study clay minerals are lower than those of
altered clay minerals, only range from 2.20wt% to 2.82wt%.
Meanwhile clay minerals of alteration of sediments also show dif-
ferent from the study clay minerals in Fe2O3 and Al2O3 contents
(Fig. 8). The shale-normalized REE patterns of hydrothermally

altered clay minerals show obviously negative Eu anomaly,
which are also different from those of E271 clay minerals (Lacks-
chewitz et al., 2000; Fig. 4).

Thirdly, smectites can precipitate directly from hydrothermal
fluids as the result of mixing with seawater during marine hydro-
thermal activity. One example of this process is smectite in the
Red Sea metalliferous sediments (Bischoff, 1972); however, these
Red Sea clay minerals are rich in Fe and low in Al and Mg (Fig. 8),
obviously different from E271 clay minerals. Authigenic smectite
that is the result of hydrothermal fluid precipitation is also ob-
served in other fields, including in the active Grimsey hydro-
thermal field off the north coast of Iceland (Lackschewitz et al.,
2006), in the Explorer Ridge (Grill et al., 1981), in the Area of Act-
ive Venting (AAV) as well as at the Bent Hill (Percival and Ames,
1993) and in the Cobb offset of the JdFR (Murnane and Clague,
1983), in the Escanaba Trough of the Gorda Ridge (Zierenberg
and Shanks III, 1994), in the southern trough of the Guaymas
Basin in the Gulf of California (Peter and Scott, 1988), and at the
Red Seamount on the EPR at 21°N (Alt et al., 1987; Alt, 1988).
These smectites are located near vents or in/on chimneys and
mounds, but are not present in the metalliferous sediments that
are far away from hydrothermal vents. Indeed, Lackschewitz et
al. (2006) proposed that Mg-rich smectite can be directly precip-
itated as a result of interactions between hydrothermal fluids and
cold Mg-rich seawater in the mixing zone at temperatures
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Fig. 5.   XRD patterns of the clay minerals. a. Air-dried mounts of samples; b. glycolated mounts of samples; and c. randomly oriented
powders of samples. Sme represents smectite; Kln, kaolinite; Ill, illite; Chl, chlorite; Qtz, quartz; and Fsp, feldspar.
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Fig. 6.   Plots of mineral composition and S/I ratios of clay minerals from Core E271 samples.
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between 130°C and 250°C, and Cuadros et al. (2011) inferred that
black smokers (300°C–350°C) facilitate the formation of beidel-
lite, talc, and talc-smectite (or kerolite-smectite) rather than non-
tronite or saponite, while white smokers (<100°C–300°C) may
produce nontronite, but the cooler temperature and slower flow
velocity give white-smoker fluids less buoyancy and fewer oppor-
tunities to travel far from the vent point.

The REE distribution pattern of clay minerals precipitated
within active chimneys in the Grimsey hydrothermal fields off the
north coast of Iceland shows an obviously positive Eu anomaly,
distinct from E271 clay minerals but similar to hydrothermal flu-
ids (Fig. 4). Thus, one can conclude that the smectite in this study
is not directly precipitated from hydrothermal fluids.

Fourthly, authigenic smectite may form in the marine envir-
onment as the result of reactions between hydrothermally-de-
rived Fe-oxyhydroxide and biogenic silica in metalliferous sedi-
ments. This process can be seen, for example, in the Bauer Deep
(Heath and Dymond, 1977; Lyle et al., 1977; Dymond and Eklund,
1978), in the manganese nodule belt of the North Equatorial Pa-
cific (Hein et al., 1979), as well as in the Southeast Pacific (Heath

and Dymond, 1977). Using transmission electron microscopy,
Hoffert et al. (1981) observed the direct authigenesis of smectites
on dissolving siliceous organisms, while Cole (1985) used SEM to
visualize siliceous microfossil corrosion and infilling by smectite
in buried sediments. While these observations confirm the Fe-
oxyhydroxide and biogenic silica reaction hypothesis, Cuadros et
al. (2011) also suggested that both detrital phases and X-ray
amorphous silica of hydrothermal origin can provide Si for the
formation of smectite.

The mineral and chemical compositions of E271 clays are
very similar to those of Southeast Pacific clay minerals (Cuadros
et al., 2011; McMurtry and Yeh, 1981), and to DOMES clay miner-
als (Hein et al., 1979; Figs 6 and 7) which also show distinctive
negative Ce anomaly. These similarities suggest that all share the
same origin.

In conclusion, one can conclude that the authigenic smectites
in E271 clay minerals were formed by reactions between hydro-
thermal Fe-oxyhydroxide, silica, and seawater in metalliferous
sediments.

Table 2.   Major elements (wt%), REE (×10–6) and δ30Si (‰) values of clay minerals from core E271 sediments
Sample No. S1 S2 S3 S3a S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S13a S14 S15
Cored
Interval
Below Sea
Floor/cm

0–2 2–4 4–7 4–7 7–10 10–13 13–16 16–19 19–22 22–25 25–28 28–31 31–34 34–37 34–37 37–40 40–43

wt%

SiO2 40.86 39.84 39.64 38.26 39.98 40.50 42.63 43.56 47.83 49.20 49.32 48.10 49.04 48.56 49.6 49.32 48.17

TiO2 0.64 0.60 0.59 0.53 0.45 0.51 0.49 0.47 0.32 0.54 0.62 0.62 0.64 0.62 0.58 0.61 0.57

Al2O3 11.72 11.06 10.9   9.3   8.44 9.28 9.04 8.67 6.04 11.11 12.30 12.58 12.90 12.42 12.32 12.08 11.05

Fe2O3
T 26.50 27.99 30.4 30.28 30.07 30.41 27.82 28.55 28.55 21.41 20.46 20.66 20.31 21.01 20.03 20.77 22.32

MnO 0.42 0.50 0.58 0.62 0.60 0.50 0.40 0.31 0.10 0.09 0.07 0.07 0.07 0.07 0.05 0.07 0.08

CaO 2.02 2.02 1.89 1.97 2.74 1.87 2.56 2.03 2.48 2.43 2.14 2.58 2.13 2.09 1.97 2.08 2.02

Na2O 0.30 0.27 0.27 0.23 0.19 0.24 0.21 0.16 0.15 0.23 0.30 0.27 0.33 0.29 0.25 0.31 0.25

K2O 1.26 1.18 1.15 1.11 1.12 1.25 1.34 1.41 1.62 1.65 1.59 1.45 1.62 1.51 1.61 1.62 1.53

MgO 2.26 2.21 2.23 2.17 2.31 2.25 2.45 2.38 2.66 2.80 2.78 2.82 2.75 2.81 2.61 2.76 2.73

P2O5 3.68 4.02 3.71 4.01 3.85 3.36 3.15 2.96 1.36 1.02 1.30 1.15 1.02 1.68 1.62 1.17 1.80

LOI 10.04 10.05 9.31 9.26 9.53 9.58 9.89 8.57 9.41 9.39 9.16 8.61 8.98 9.51 9.71 8.85 9.65

TOTAL 99.70 99.73 100.67 97.74 99.28 99.75 99.98 99.07 100.51 99.88 100.05 98.93 99.81 100.57 98.35 99.65 100.17

10–6

La 21.00 21.48 20.6 20.34 16.40 15.95 10.45 10.38 3.83 6.98 9.59 10.42 9.25 8.8   8.7   10.13 6.35

Ce 22.89 22.00 20.71 20.51 17.03 17.53 12.89 12.60 5.40 10.20 12.98 13.06 13.15 12.25 12.11 13.09 9.71

Pr 4.75 4.95 4.81 4.71 4.00 3.83 2.46 2.38 0.79 1.45 1.92 2.24 1.84 1.77 1.73 2.06 1.32

Nd 17.27 19.03 18.48 18.16 15.77 14.74 9.62 8.57 3.01 5.49 6.60 8.19 6.66 6.45 6.15 7.27 5.02

Sm 3.51 3.73 3.6 3.66 3.11 2.75 1.90 1.66 0.57 1.06 1.17 1.63 1.25 1.15 1.13 1.39 0.95

Eu 0.86 0.93 0.89 0.81 0.76 0.66 0.43 0.39 0.13 0.25 0.26 0.38 0.25 0.24 0.26 0.33 0.23

Gd 3.31 3.44 3.32 3.44 2.87 2.62 1.72 1.62 0.54 1.00 1.17 1.58 1.18 1.18 1.22 1.33 0.89

Tb 0.59 0.64 0.6 0.54 0.49 0.50 0.32 0.32 0.08 0.12 0.20 0.26 0.19 0.17 0.19 0.21 0.13

Dy 3.56 3.87 3.73 3.51 3.07 2.96 1.81 1.72 0.50 0.81 1.10 1.44 1.12 1.09 1.03 1.24 0.74

Ho 0.83 0.90 0.89 0.87 0.69 0.67 0.41 0.38 0.11 0.20 0.26 0.33 0.26 0.27 0.21 0.28 0.18

Er 2.36 2.54 2.52 2.46 1.96 1.90 1.13 1.05 0.32 0.55 0.70 0.89 0.71 0.71 0.65 0.79 0.50

Tm 0.43 0.47 0.46 0.46 0.35 0.34 0.22 0.19 0.06 0.10 0.13 0.16 0.12 0.13 0.11 0.14 0.09

Yb 2.64 2.86 2.89 2.85 2.19 2.13 1.25 1.21 0.36 0.63 0.80 0.97 0.79 0.77 0.71 0.86 0.58

Lu 0.39 0.42 0.43 0.41 0.33 0.32 0.19 0.19 0.05 0.10 0.12 0.16 0.12 0.09 0.13 0.13 0.10

Y 18.79 20.33 20.42 20.24 14.86 14.75 8.83 9.21 2.96 5.13 7.01 8.69 6.90 6.42 6.68 8.02 4.72

ΣREE 84.37 87.25 83.93 82.71 69.03 66.89 44.81 42.65 15.76 28.95 37.00 41.71 36.90 35.07 34.33 39.23 26.76

Ce/Ce* 0.56 0.52 0.51 0.51 0.52 0.55 0.62 0.62 0.76 0.78 0.74 0.66 0.78 0.76 0.76 0.70 0.82

Eu/Eu* 1.08 1.11 1.10 0.98 1.08 1.05 1.01 1.02 1.00 1.04 0.95 1.00 0.88 0.88 0.94 1.06 1.07

δ30Si/‰ –1.1   –0.8   –0.6   –0.6   –1.1   –0.8   –0.8   –0.8   –1      –0.4   –0.6   –0.6   –0.7   –0.4   –0.5  

          Note: Fe2O3
T refers to total Fe. Superscript a indicates the analysis result of a parallel sample.
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5.3  Geochemical behavior of silicon isotope
Researchers have proposed a number of Si sources for authi-

genic smectite, including biogenic (Dymond and Eklund, 1978;
Hein et al., 1979; Hoffert et al., 1981; Cole, 1985), hydrothermal
(Cole and Shaw, 1983; Cole, 1985; Gurvich, 2006; Cuadros et al.,
2011), and detrital sources (Cuadros et al., 2011). In this study, we
try to decide the source of Si and to trace the geochemical beha-
vior of silicon isotopes during the smectite formation.

While the compositions of E271 clay minerals are complex, Si
isotope values do reflect the mean values of different minerals.
Smectite contents, for example, are the highest, falling in the
range of 52.5%–75.8%, followed by illite, which falls in the range
of 16.7%–32.3%. Illite also has a δ30Si value of –0.9‰ (Douthitt,
1982) within the range of the studied clay minerals. While the
proportion of Si isotopes is much lighter in kaolinite (–2.2‰, Zie-
gler et al., 2005; Opfergelt et al., 2010) with an average δ30Si value
of (–1.6 ± 0.5)‰ (De La Rocha et al., 2000), kaolinite contents are
low in the E271 clay minerals, at an average of 7.4%. Compared to
the levels of detrital quartz in sediments, which range between
–1.1‰ and +0.7‰ (Basile-Doelsch et al., 2005), the δ30Si values of
E271 clay minerals are similar, or slightly depressed. These val-
ues are also lower than those seen in detrital feldspars from the
aeolian Navajo Sandstone at Black Mesa, Arizona, USA, which
have a mean δ30Si of (–0.15 ± 0.04)‰ (Georg et al., 2009), but
both the quartz and feldspar contents in the clay fraction of E271
sediments are low (less than 3% and 5%, respectively). Through
the above analysis, the δ30Si values of E271 clay minerals reflect
those of authigenic smectite.

The biogenic siliceous debris in marine sediments includes
mainly diatoms, radiolarians, and sponge spicules, and their δ30Si
values range greatly (Douthitt, 1982; Fig. 9). This is because dif-
ferent species have particular Si isotope compositions; of these,
the biogenic silica of diatoms is best documented and δ30Si is

known to fall in the range between –0.3‰ and + 2.6‰ (De La
Rocha et al., 1998; Varela et al., 2004). Data on the δ30Si values
from diatoms in marine sediments from ODP Core 1 240 on the
eastern equatorial Pacific range between +0.74‰ and +1.41‰
(Pichevin et al., 2009), while those of radiolarians in marine sedi-
ments from the CC zone of the Pacific Ocean exhibit values ran-
ging between +0.2‰ and +1.2‰ (Wu et al., 1997). Although these
values are all higher than those seen in E271 clay minerals,
sponge spicules exhibit a wide range of much lower δ30Si values
between –3.4‰ and –0.9‰ (Douthitt, 1982).

Diatoms are by far the most important Si sink in the oceans
(Basile-Doelsch 2006). Cole (1985) observed visually authigenic
smectites as growths on microfossil surfaces and interior in-
fillings using SEM and suggested that the smectite formation is
predominantly the result of the contact reaction between Fe-oxy-
hydroxide and the siliceous tests of diatoms, including a silica-
dissolution stage. Although the δ30Si values of diatoms are higher
than those of E271 clay minerals, studies have demonstrated that
Si isotope fractionation occurs during the dissolution of diatom
silica and results in the release of dissolved Si that is consistently
about 0.55‰ lighter in δ30Si than its parent SiO2. At the same
time, experiments have shown that Si isotope fractionation also
takes place via the preferential adsorption of dissolved light Si
isotopes by Fe-oxyhydroxide (Demarest et al., 2009; Opfergelt et
al., 2009). Thus, data show that the combination of Fe-oxyhy-
droxide and diatom Si can produce smectite with a lighter Si iso-
tope. Radiolarians are also important to this reaction, while the
δ30Si value of sponge spicules are too low, even after double Si
isotope fractionations, to form smectite with a higher Si isotope
ratio. We observed most of diatoms and radiolarians show dissol-
ution (Fig. 2), which suggests that they may be a potential Si
source.

The existence of hydrothermal origin Si in intimate contact

southern Mexico margin

North Pacific 

South Pacific 

L66K4

L66K5

this study

DOMES

Illite Kaolinite + Chlorite

Smectite

 

Fig. 7.   The clay mineral composition of marine sediments and aeolian dust. , clay minerals from this study; , <1 μm fraction of
sediments from the manganese nodule belt of the North Equatorial Pacific (DOMES) (Hein et al., 1979); , North Pacific clay minerals
(Chamley, 1989); , South Pacific clay minerals (Chamley, 1989); , clay minerals from aeolian dust along the southern Mexican
Margin (L66K4) (Leinen et al., 1994); , clay minerals from aeolian dust along the southern Guatemala Margin (L66K5) (Leinen et al.,
1994); , clay minerals from the southern Mexican Margin (Schumann and Nagel, 1982).
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with Fe-oxide precipitates from hydrothermal fluids makes the
latter a potential source of silica as the result of sediment diagen-
etic reactions (Cuadros et al., 2011). Although two hydrothermal
fluid samples from vents on the EPR at 9°N have slightly elevated
δ30Si values (between –0.4‰ and –0.2‰, De La Rocha et al.,
2000) compared with E271 clay minerals, Si isotope fractionation
during the combination of Fe-oxyhydroxide and light Si isotopes
from hydrothermal fluids lowers the δ30Si values of newly formed
smectite.

In earlier work, Cuadros et al. (2011) reported that detrital
silicates provided Si and Al for smectite formation. Although we
do not know which kinds of detrital silicates supply Si and what
their δ30Si values are, the continental dust of sediments from the
central Pacific has a mean δ30Si value of –0.5‰ (Ding et al., 1996;
Ziegler et al., 2005). Indeed, Savage et al. (2013) determined that
Pleistocene loess samples exhibit a narrow range of Si isotopic
compositions (range between –0.28‰ and –0.15‰) and calcu-
lated that upper continental crust has a weighted average com-
position of δ30Si of –0.25‰ ± 0.16‰ (accurate to two standard de-
viations), close to that of mafic and ultramafic igneous rocks
(–0.3‰ ± 0.3‰, Douthitt, 1982; Ding et al., 1996). These values
are all slightly higher than those of the study samples, which are
therefore available for the authigenesis of smectite because of the

preferential adsorption of lighter Si isotope onto Fe-oxyhydrox-
ide during weathering of detrital silicates (Opfergelt et al., 2009).

In summary, it is not useful to determine which kinds of Si
sources are more important in the smectite formation based on
δ30Si values, while a Si isotope fractionation occurs during the
smectite formation which results in the δ30Si values of newly
formed smectite lower than parent SiO2.

5.4  REE
In order to investigate REE behavior in both hydrothermal

particulates and metalliferous sediments, we analyzed the
REE/Fe (represented by Sm/Fe mass ratio) in different phases.
Results show that the Sm/Fe mass ratios of proximal hydro-
thermal plume particles (range from <0.5 m to 20 m from the
vent) on the EPR 13°N vary in 0.6×10–6–3.2×10–6 (German et al.,
2002), while those of distal hydrothermal plume particles (range
from <300 m to 1 km from the vent) on the EPR 9°45’N (Sherrell
et al., 1999) are higher, 2.9×10–5–5.2×10–5, which results from con-
tinued scavenging of REE from seawater as the plume disperses
and particles age (German et al., 1990; Sherrell et al., 1999).

The Sm/Fe mass ratios of E271 metalliferous sediments vary
in 4.4×10–5–7.9×10–5, which is close to those of sediments from
the east side of the EPR near 13°N (4.9×10–5–13.5×10–5, Xue,

E271 clay minerals

EPR9°N clay minerals

DOMES clay minerals

Bauer Deep smectite

Southeast Pacific smectite

Red Sea nontronite

JdFR nontronite

Explorer Ridge nontronite

EPR21°N nontronite

GSC nontronite

Escanaba Trough smectite

Middle Valley smectite

Al2O3 MgO

Fe2O3

 

Fig. 8.   An Al2O3-Fe2O3-MgO plot of clay minerals in marine sediments. , E271 clay minerals; , <10 μm fraction in sediments from
the EPR at 9°N (Rateev et al., 1980); , <1 μm fraction in sediments from the DOMES sediments (Hein et al., 1979); , Bauer Deep clay
minerals including smectite granules (Dymond and Eklund, 1978), <2 μm fraction (McMurtry and Yeh, 1981) and <0.5 μm fraction
(Cole, 1985); , Southeast Pacific clay minerals including <2 μm fraction (McMurtry and Yeh, 1981), and smectite granules (Cuadros
et al., 2011); , Red Sea samples including smectite granules (Bischoff, 1972), <1 μm fraction (Butuzova et al., 1979), and <0.5 μm
fraction (Cole, 1988); ,  JdFR nontronites (Murnane and Clague, 1983); ,  <2 μm fraction in hydrothermal sediments from the
Explorer Ridge (Grill et al., 1981); , nontronites from the EPR at 21°N (Hekinian et al., 1980; Alt et al., 1987; Alt, 1988); , Galapagos
spreading center clay minerals including <2 μm fraction (Honnorez et al., 1983), <1 μm fraction (Rateev et al., 1980), and nontronite
granules (Barrett et al., 1983); , <2 μm fraction in sediments from the Middle Valley (Buatier et al., 1994); , Escanaba Trough
smectites (Zierenberg and Shanks III, 1994; Dekov et al., 2008). The red color denotes alteration products of volcanic rock fragments
and glass, while blue denotes low-temperature interactions between Fe-oxyhydroxide and silica, orange denotes hydrothermal
precipitates, and dark brown denotes sediment hydrothermal alteration products.
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2003)，but a little lower than those of similar samples from the
Southeast Pacific (6.9×10–5–24.1×10–5, Dekov et al., 2010). This
difference is the result of the higher REE contents in metallifer-
ous sediments from the southeast compared to the northeast Pa-
cific (Kato et al., 2011), while all samples exhibit higher values
than those from hydrothermal plume-particles on the EPR at
13°N and on the EPR at 9°45′N. At the same time, Sm/Fe ratios of
E271 clay minerals fall within the range of 0.3×10–5–1.9×10–5, dis-
tinctly lower than those of metalliferous sediments, suggesting
that Fe-Mn oxide is the main phase that adsorbs REE in these
sediments. While the Sm/Fe ratios of E271 clay minerals are
higher than those of proximal hydrothermal plume-particles on
the EPR at 13°N, these values are nevertheless lower than those of
distal hydrothermal particles on the EPR at 9°45’N. These data
suggest that E271 clay minerals deplete REE relative to Fe-oxyhy-
droxide. Similarly, the mean Sm content of terrigenous clay min-
erals in sediments from the eastern Pacific (10×10–6, Liu et al.,
2005) is about five times higher than that of E271 clay minerals
(2×10–6); thus, Sm/Fe ratios must also be higher than those of
E271 clays, which implies that terrigenous minerals may adsorb
more REE than newly formed smectite. Together, all these data
suggest that REE are mobilized during the formation of smectite
because of a decrease in adsorption capacity, and that the forma-
tion of this mineral is the result of reactions between amorphous
hydrothermal Fe-oxyhydroxide phases and opal. Finally, a de-
crease in adsorption capacity may be because the large ionic
radii of the REE scavenged by Fe-oxyhydroxide preclude their
substitution in either the tetrahedral or octahedral lattice sites of
the smectite structure; hence, some are released into solution or
lost to other phases (Dymond and Eklund, 1978; Barrett et al.,
1986), which results in the depletion of REE in E271 clay miner-
als.

6  Conclusions
The core E271 sediments collected near the EPR at 13°N com-

prise amorphous or poorly crystallized Fe-Mn oxides, calcite,
clay minerals, quartz, feldspar, and barite, and have high Fe, Mn,

and Cu contents, and low Ti and Al contents. The shale-normal-
ized REE distribution patterns of these sediments show obvious
Ce anomaly as well as HREE enrichment relative to LREE, imply-
ing REE are scavenged from seawater. Together, all these data
suggest these samples are typical metalliferous sediments.

Due to the proximity of the North American continent, the
clay mineral sources of the E271 metalliferous sediments are
complex. We hypothesize that illite, chlorite, and kaolinite are
transported from north or central America by rivers or winds,
while smectite is rich in Fe, and we suggest almost all smectite is
authigenous and likely the result of reactions between hydro-
thermal Fe-oxyhydroxide, silica, and seawater in metalliferous
sediments. The most likely resources of Si for formation is bio-
genic silica (diatoms and radiolarians), as well as hydrothermal
fluids and detrital mineral phases. The formation of authigenic
smectite is accompanied by Si isotope fractionation, because
preferential adsorption of light Si isotopes onto Fe-oxyhydroxide
results in the δ30Si values of newly formed smectite lower than
parent SiO2. Meanwhile, some REE are mobilized during the
smectite formation because the large ionic radii of the REE ad-
sorbed by Fe-oxyhydroxide precludes their substitution onto
either the tetrahedral or octahedral lattice sites of the smectite
structure; thus, some are released into solution or lost to other
phases, resulting in the depletion of REE in E271 clay minerals.
This implies that the value of metalliferous sediments as a poten-
tial resource for REE (Kato et al., 2011) may decrease during the
smectite formation.
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